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0.1 Stresses due to the shear cross section re-
sultants

In the presence of nonzero shear resultants, the bending moment ex-
hibits a linear variation with the axial coordinate z in a straight beam.
Based on the beam segment equilibrium we have
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as rationalized in Fig. E, with dz — 0 and M, M, differentiable with
respect to z.

The linear variation of the bending-induced curvature in z causes
a likewise linear variation of the pointwise axial strain; stress variation
is also linear in the case of constant E, longitudinal elastic modulus.

In particular, the differentiation with respect to z of o, as espressed
in Eqn. ?? returns
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since its «, 8,y factors are constant with respect to z; the bending
moment derivatives are here expressed in terms of the shear resultants,
as in Eqns.

Figure m rationalizes the axial equilibrium for an elementary volume
of material; we have

dr dr,., do
zZT z — 0 3
dx dy + dz te (3)

where, for the specific case, the distributed volumetric load ¢, is zero.
It clearly emerges from such relation that the shear stresses 7, 7, .,
that were null within the uniform bending framework, are non-uniform
along the section — and hence not constantly zero — in the presence of
shear resultants.
A treatise on the pointwise solution of a) the equilibrium equations
, once coupled with b) the compatibility conditions and with ¢) the
the material elastic response, is beyond the scope of the present contri-
bution, although it has been derived for selected cross sections in e.g.

.



“dispensa_ 2018__master” — 2019/3/12 — 10:33 — page 2 — #2

(Tealp + %=2|, dz) dydz
q.drdydz P —
I Tyz |P dzdzx
(02]p + %=, dz) dady
xT '," t—— (Tyzlp + 55’;7 . dy) dzda
P=(z,y,2)
z
Tzz|p dde dP = (dg;, dy7 dZ)

Y

Figure 1: Equilibrium conditions with respect to the axial z translation
for the infinitesimal volume extracted from the beam. In the case under
scrutiny, the distributed volume action g, is null.

0.1.1 The Jourawsky approach and its extension for a
general section

The aforementioned axial equilibrium condition, whose treatise is cum-
bersome for the infinitesimal volume, may be more conveniently dealt
with if a finite portion of the beam segment is taken into account, as
in Figure P.

A beam segment is considered whose axial extent is dz; the beam
cross section is partitioned based on a (possibly curve, see Fig. B)
line that isolates an area portion A* — and the related beam segment
portion — for further scrutiny; axial equilibrium equation may then be
stated for the isolated beam segment portion as follows

do
7t = ZdA 4
Tzi / dz 7 (4)

1
7izi =7 /Tzidr (5)
t t

is the average shear stress acting in the z direction along the cutting
surface; i is the (locally normal) inward direction with respect to such

where
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Figure 2: Equilibrium conditions for the isolated beam segment por-
tion. It is noted that the null o, variation locus, do, = 0, does not
coincide with the bending neutral axis in general. Also, the depicted
linear variation of do, with the D distance from such null do, locus
does not hold in the case of non-uniform £, modulus.
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Figure 3: The curve employed for isolating the beam segment por-
tion defines the direction of the 7,; components whose average value is
evaluated.
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a surface. Due to the reciprocal nature of the shear stresses, the same
T,; shear stress acts along the cross sectional plane, and locally at the
cutting curve itself. These shear actions are assumed positive if inward
directed with respect to A*.

The 7,,t product is named shear flow, and may be evaluated along
a general cutting curve.

It is noted that, according to Eqn. @, no information is provided
with regard to a) the 7,, shear stress that acts parallel to the cutting
curve, nor b) the pointwise variation of 7,; with respect of its aver-
age value 7. If the resorting to more cumbersome calculation frame-
works is not an option, those quantities are usually just neglected;
an informed choice for the cutting curve is thus critical for a reliable
application of the method.

In the simplified case of a) uniform material and b) local z,y axes
that are principal axes of inertia (i.e. J,, = 0), the usual formula is
obtained

_ yS, xS 7*A* TFA*
t = ZJ 1 dA =
Tui / * ( T + Jyy> 7 S, + 7, Sy (6)

where y*A* and z*A* are the first order area moments of the A* section
portion with respect to the x and y axes, respectively®.

0.1.2 Shear induced stresses in an open section, thin
walled beam

In the case of thin walled profiles, the integral along the isolated area
in Eqn. ¥ may be performed with respect to the arclength coordinate
alone; the value the do,/dz integrand assumes at the wall midplane is
supposed representative of its integral average along the wall thickness,

thus obtaining
Sdo
i / 9% 4. (7)
z2 b dz

Such assumed equivalence strictly holds for a) straight wall seg-
ments# and b) a linear variation of the integrand along the wall, a

! According to the employed notation, (z*,y*) are the centre of gravity coordi-
nates for the A* area.
2i.e. the Jacobian of the (s, )+ (z,y) mapping is constant with r.
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condition, the latter, that holds if the material properties are homoge-
neous with respect to the wall midplanel; in the more general case, the
error incurred by this approach vanishes with vanishing thickness for
what concerns assumption a), whereas an average E_ modulus may be
employed in place of the pointwise E, midplane value if the material
is inhomogeneous.

If a thin walled section segment is considered such that it is not
possible to infer that the interfacial shear stress is zero at at least
one of its extremities, a further term needs to be considered for the
equilibrium, thus obtaining

Rl = [ Toudc+ 7 fata). 0

In the case of open thin walled profiles, however, such a choice for
the isolated section portion is suboptimal, unless the 7,,(a)t(a) term is
known.

0.1.3 Shear induced stresses in an closed section, thin
walled beam

In the case of a closed thin walled, asymmetric section, the search for
a point along the wall at which the shear flow may be assumed zero
is generally not viable, and the employment of Eq. E in place of the
simpler Eq. [ is unavoidable.

In this case, a parametric value for the 7, shear stress flow is
assumed for a set of points along the cross section midcurve — one for
each elementary closed loopt if the points are non-redundantly chosent.

In the multicellular cross section example shown in Figure H{, two
elementary loops are detected; shear flows at the A, B points are para-
metrically defined as 74t 4 and Tztg , respectively.

The 7,, shear stress for each point along the profile wall may then
be determined based on Eqn. § as a function a) of the shear resultant

3a linear de_/dz axial strain variation is in fact associated to the curvature vari-
ation in z, and not an axial stress variation;

4i.e. a closed loop not enclosing any other closed loop.

5Redundancy may be pointed out by ideally cutting the cross section at these
points: if a monolithic open cross section is obtained, the point choice is not redun-
dant; if a portion of the section is completely isolated, and a loop remains closed,
the location of these points causes redundancy.
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Figure 4: XXX.

components S, and S, and b) of the parametrically defined shear
stress flows at the A,B points.

Due to the assumed linear response for the profile, superposition
principle may be employed in isolating the four elementary contribu-
tions to the shear stress flow along the section.

The first two elementary contributions 7, (s) and 7,,(s) are respec-
tively due to the action alone of the x and y shear force components,
whose magnitude is assumed equal the product of the stress unit (e.g.
1 MPa) and of the cross sectional area. Those forces are assumed to act
in the ideal absence of shear flow at points where the latter is assumed
as a parameter (points A and B in Figure H)

Since the condition of zero shear flow is stress-compatible with an
opening in the closed section loop, the cross section may be idealized
as severed at the assumed shear flow points, and hence open. The
equilibrium-based solution procedure derived for the open thin-walled
section may hence be profitably applied.

A family of further elementary contributions, one for each of the
assumed shear flow points, may be derived by imposing zero parametric
shear flow at all the points but the one under scrutiny, and in the
absence of externally applied shear resultants. The elastic problem may
be rationalized as an open — initially closed, then ideally severed — thin
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walled profile, that is loaded by an internal constraint action whose
magnitude is unity in terms of stresses. Equilibrium considerations
reduce to the conservation of the shear flow due to the absence of
do,/dz differential axial stress, as in the case of a closed profile under
torsion discussed below.

Figures H (a) and (b) show the shear stress contributions 7, (s) and
T9(s) induced in the ideally opened (i.e. zero redundant shear flows
at the A B points) multicellar profile by the first and the second shear
force components, respectively; due to the author distraction, such
figure refers to shear components aligned with the principal directions
of bending stiffness, and not to the usual z,y axes.

Figures @ (c) and (d) show the shear stress contributions 7, 4 (s) and
7.5(s) associated to unity values for the parametric shear flows at the
A, B segmentation points, respectively.

The cumulative shear stress distribution for the section in Figure H
is

7(s) = 8171 () + Sy () + Fama(8) + TpTpls)  (9)
where s is a suitable arclength coordinate.

The associated elastic potential energy may then be integrated over
a Az beam axial portion, thus obtaining

-2
AU = /GtAzds (10)

According to the Castigliano second theorem, the AU derivative
with respect to the 7; assumed shear stress value at the i-th segmenta-
tion point equates the generalized displacement with respect to which
the internal constraint reaction works, i.e. the tAzd, integral of the
relative longitudinal displacement between the cut surfaces; we hence

have DAL
— = ;tAz (11)

Ti

The 51» symbol refers to the average value along the tAz area of
such axial relative displacement.

Material continuity requires zero ci» value at each segmentation
point, thus defining a set of equations, one for each 7, unknown param-
eter, whose solution leads to the definition of the actual shear stress
distribution along the closed wall profile.
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